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The Acacia drepanolobium	(also	known	as	Vachellia drepanolobium)	ant-	plant	symbiosis	
is	 considered	 a	 classic	 case	 of	 species	 coexistence,	 in	 which	 four	 species	 of	 tree-	
defending	ants	compete	for	nesting	space	in	a	single	host	tree	species.	Coexistence	in	












species,	Crematogaster mimosae and Tetraponera penzigi: in C. mimosae,	queens	in	the	












Acacia	 (also	 referred	 to	 as	 Vachellia) drepanolobium.	 The	Whistling-	
Thorn	Acacia,	A. drepanolobium,	is	an	East	African	Savannah	tree	that	




&	 Isbell,	 1997;	 Figure	1).	At	 a	well-	studied	 field	 site	 in	 Kenya,	 four	
species	of	 ants	 are	 commonly	hosted	by	 the	acacia.	Three	of	 them,	





individual	 colonies	 can	 range	over	 a	 number	of	 adjacent	 trees),	 and	










ring	 transitions	 from	occupancy	by	one	ant	species	 to	another	have	
shown	a	competitive	hierarchy	among	the	ants,	with	C. sjostedti as the 
most	 dominant,	 followed	 by	 C. mimosae,	 C. nigriceps, and T. penzigi; 
this	hierarchy	has	also	been	supported	by	experiments	in	which	con-
tests	were	staged	by	tying	the	canopies	of	neighboring	trees	together	
(Palmer	 et	al.,	 2000).	 The	 degree	 to	which	 a	 single	 colony	 extends	
over	multiple	 trees	 (i.e.,	 a	 form	of	 polydomy,	where	 a	 single	 colony	











with	 each	 other	 over	 individual	 domatia	 on	 newly	 colonized	 trees,	
speed	with	which	foundresses	can	produce	workers	that	occupy	the	
rest	of	 the	 tree,	 and	vulnerability	 to	parasitism	 (Palmer	et	al.,	 2000;	
Stanton,	Palmer,	&	Young,	2005;	Stanton	et	al.,	2002).	This	 research	
has	 supported	 the	 existence	 of	 a	 colonization	 hierarchy	 in	 which	
T. penzigi	is	the	best	colonizer,	followed	by	C. nigriceps,	C. mimosae, and 
C. sjostedti,	viz.	the	reverse	order	of	the	competitive	hierarchy.
While	 differences	 in	 competitive	 and	 colonizing	 ability	 among	












Retana,	 2014),	 including	 other	 acacia-	ant	 mutualisms	 (Kautz,	 Pauls,	
Ballhorn,	 Lumbsch,	 &	Heil,	 2009;	McGlynn,	 2010),	 and	 polygyny	 is	
also	common	among	highly	competitive	invasive	ant	species	(Tsutsui	&	
Suarez,	2003).	In	the	A. drepanolobium	system,	it	is	unknown	whether	
higher	worker	populations	are	 the	 result	of	polygyny	or	 some	other	
difference(s)	 among	 the	 different	 ant	 species.	 The	 only	 research	 to	
date	on	queen	number	 in	 this	 system	 is	 that	 of	Rubin	 et	al.	 (2013),	
who	used	microsatellite	markers	to	show	that	C. mimosae colonies are 





F IGURE  1 Ants	inhabit	Acacia drepanolobium	trees	on	black	cotton	soils.	On	these	soils,	A. drepanolobium	may	account	for	95%	or	more	
of	trees,	as	shown	on	the	left-	hand	side	(Young	et	al.,	1997).	Ants	live	in	hollow,	swollen	thorns	and	patrol	the	tree	against	herbivores	(right).	
Photographs:	NEP	(left)	and	JHB	(right)
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the	four	species	of	ant	associates	using	double-	digest	restriction-	site	












Tropical	 Forest	 Science-	Forest	 Global	 Earth	 Observatories	 (CTFS-	
ForestGEO)	 at	Mpala,	 Kenya.	 For	 each	 of	 the	 four	 species	 of	 ant,	
about	 15	 trees	were	 selected,	 and	 at	 least	 eight	workers	 collected	



















2.2 | DNA extraction and sequencing
We	 extracted	 DNA	 from	 each	 worker	 using	 an	 AutoGenprep	 965	
Tissue/ES	 Cell	 DNA	 Extraction	 Kit,	 using	 the	 Mouse	 Tail	 protocol	
for	 animal	 tissue.	 For	 this	 and	 subsequent	 steps,	 we	 followed	 the	
manufacturer’s	 recommended	protocols	 except	 as	described	below.	
Genomic	DNA	was	stored	at	−20°C	before	use.
The	 amount	 of	 genomic	DNA	was	 then	 increased	 by	whole	 ge-
nome	amplification,	using	the	REPLI-	g	mini	kit	in	15	or	20	μl reactions.
We	 used	 the	 double-	digest	 restriction-	site	 associated	 DNA	 se-
quencing	 (RADseq)	 protocol	 of	 Peterson,	 Weber,	 Kay,	 Fisher,	 and	
Hoekstra	(2012).	We	modified	their	protocol	in	a	number	of	respects:	
We	started	with	an	(amplified)	genomic	DNA	mass	of	150	ng,	which	
we	 then	 digested	 with	 the	 restriction	 enzymes	 EcoRI-	HF	 and	 BfaI	
under	 the	 manufacturer’s	 recommended	 conditions.	 Bead	 cleanups	
throughout	the	protocol	were	performed	with	a	MagNA	bead	solution	
described	by	Rohland	and	Reich	(2012)	in	place	of	Agencourt	AMPure	
beads.	We	 added	1.5×	volume	MagNA	beads	 to	 the	 solution	 to	 be	
cleaned,	but	otherwise	followed	the	same	default	protocol	provided	
with	 Agencourt	 AMPure	 beads.	We	 used	 the	 48	 inline	 indices	 for	
EcoRI	described	in	the	Sequences-	S1	spreadsheet	in	the	supplement	







for	C. sjostedti,	C. mimosae,	and	C. nigriceps,	along	with	a	few	libraries	
for	T. penzigi,	ran	on	six	lanes	of	the	HiSeq	2500.	Most	of	the	libraries	
for	T. penzigi,	 along	with	 a	 small	 number	 of	 libraries	 from	 the	 other	
species,	were	run	on	four	lanes	of	the	HiSeq	2000.





Hohenlohe,	 Cresko,	 &	 Postlethwait,	 2011;	 Catchen,	 Hohenlohe,	
Bassham,	Amores,	&	Cresko,	2013).	Reads	were	demultiplexed	using	
the process_radtags	 function	of	 stacks,	 rescuing	barcodes	and	RAD-	
tags,	and	disabling	checking	if	the	RAD	site	was	intact.
We	quality	 filtered	reads	using	the	FASTX-	Toolkit	version	0.0.13	
(http://hannonlab.cshl.edu/fastx_toolkit/).	 For	 each	 read,	 the	 first	
seven	 base	 pairs,	 including	 the	 EcoRI-	HF	 restriction	 site	 and	 two	







loci	when	processing	 a	 single	 individual,	 and	 five	mismatches	when	
building	the	catalog.	In	addition,	we	explored	several	different	values	
for	these	parameters	and	found	that	the	above	combination	produced	
the	most	SNPs,	without	 substantial	 increases	 in	heterozygosity	 that	
could	indicate	that	different	loci	were	being	inappropriately	combined	
(see	SI	for	details).	To	build	the	final	matrix	of	SNPs,	we	culled	individ-





tree	 if	 it	was	present	 in	at	 least	 r	of	 the	 individuals	 in	the	species	 (r 
cutoffs	were	set	 to	produce	around	500	SNPs	total	per	species:	 for	
C. sjostedti:	0.5,	C. mimosae:	0.5,	C. nigriceps:	0.75,	T. penzigi:	0.5).	We	






2.4 | Relatedness of ants within and between trees
We	 then	 compared	 the	 average	 relatedness	 of	 each	worker	 ant	 to	
every	other	ant	of	 the	same	species.	We	compared	the	relatedness	
values	across	species,	for	both	(i)	workers	from	the	same	tree	(within-	
tree)	 and	 (ii)	 workers	 from	 different	 trees	 (between-	tree).	 We	 de-
termined	relatedness	values	using	the	method	of	Lynch	and	Ritland	
(1999)	 implemented	 in	 the	 R	 package	 related	 (Pew,	Muir,	Wang,	 &	
Frasier,	2015).	We	chose	 the	Lynch	and	Ritland	method	because	 in	
simulations	 it	 performed	 better	 than	 four	 other	 methods	 of	 calcu-










the	 true	 relatedness	 (0.5,	0.5,	0.25,	and	0,	 respectively)	and	 the	 re-
latedness	recovered	using	that	method	in	related;	while	in	the	case	of	
T. penzigi,	the	Lynch	and	Ritland	method	had	the	second-	highest	cor-














to	 the	workers,	 that	 individual’s	genotypes	were	excluded	 from	the	
relatedness	analysis;	however,	the	T. penzigi queen was sister to the 
workers	collected	along	with	her	and	was	therefore	included	here.









to	 haplodiploidy.	We	 set	 each	 locus	 as	 codominant,	with	 the	 allele	
frequency	as	“unknown,”	with	an	allelic	dropout	rate	of	0.0001	and	
an	additional	error	rate	of	0.0025.	The	genotypes	for	two	queens,	one	










recovered	 from	 the	 sampled	workers	 is	 likely	 to	 underestimate	 the	
total	genetic	diversity	of	all	workers	in	a	given	colony	due	to	the	rela-
tively	low	proportion	of	workers	sampled	per	colony,	but	these	indi-
ces	 nevertheless	 allow	 for	 the	 unambiguous	 comparison	of	 relative	
degrees	 of	 polygyny	 or	 polyandry	 among	 the	 different	 ant	 species.	
Furthermore,	for	each	estimated	queen,	we	also	looked	for	multiple	





workers	 that	were	daughters	of	 the	queen	with	 the	most	offspring	













If	 colonies	with	more	 queens	 are	 better	 able	 to	 compete	 for	 large	
and	valuable	trees,	this	could	produce	a	correlation	between	colony	
structure	and	tree	size.	We	 looked	for	 this	by	testing	whether	 tree	
size	 influenced	 within-	tree	 relatedness,	 Polygyny	 Index,	 Polyandry	
Index,	and	males	per	queen,	using	the	Pearson	correlation	test	when	
the	data	were	approximately	normal	(or	could	be	transformed	to	nor-
mality:	male	mates	 per	 queen	 data	were	 square-	root	 transformed),	
     |  1445BOYLE Et aL.






height	 and	 diameter	 at	 0.5	m	 above	 ground;	 we	 present	 only	 the	
results	for	height	here,	as	height	and	diameter	were	strongly	corre-
lated	and	 the	 results	of	 the	 tests	qualitatively	 identical.	The	 results	
of	tests	on	tree	diameter	may	be	found	in	Data	S3	of	the	Supporting	
Information.
As	we	 found	 no	 significant	 effect	 of	 tree	 size	 on	 any	 of	 these	
factors,	we	did	not	 include	tree	size	as	a	covariate	 in	our	 final	anal-
yses.	Comparisons	among	ant	species	 for	between-	tree	relatedness,	














3.1 | Sequencing and base calling
After	 DNA	 sequence	 filtering,	 alignment,	 and	 SNP	 calling,	 we	 pro-
duced	genotypes	for	300–750	SNPs	for	each	species	(Table	1).
3.2 | Relatedness of ants within and between trees
The	average	 relatedness	of	ants	within	and	between	 trees	 for	each	
species	 is	 shown	 in	Table	2	and	Figure	2a.	The	average	 relatedness	
between	trees	was	not	significantly	greater	than	zero	for	any	of	the	
ant	species	(Student’s	t	test,	p > .05	for	all).	There	were	significant	dif-






did	vary	among	species	 (ANOVA,	p < .001),	as	shown	 in	Table	2	and	




C. nigriceps and C. sjostedti	colonies,	discussed	below.




relation,	p = .4),	nor	did	we	 find	evidence	 for	a	correlation	between	
Polygyny	Index	and	height	within	ant	species	(ANCOVA,	p = .8).
However,	we	did	find	a	strong	effect	of	ant	species	on	degree	of	
polygyny	(KWT,	p < .001). Tetraponera penzigi and C. mimosae	typically	
had	higher	Polygyny	Indices,	while	C. sjostedti and C. nigriceps	both	had	
Polygyny	Indices	close	to	1	(Table	2,	Figure	3a).	Post	hoc	tests	found	
significant	differences	between	C. mimosae and T. penzigi on the one 
hand,	and	C. nigriceps	on	the	other,	as	well	as	between	T. penzigi and 




for	the	two	queens	recovered	during	sampling,	the	C. nigriceps queen 
was	recovered	as	the	mother	of	the	workers	from	that	tree,	while	the	
T. penzigi	queen	was	 recovered	as	 sister	 to	her	colony	mates,	 rather	
than	as	their	mother.
Across	 all	 species,	we	 found	 no	 significant	 correlation	 between	
the	 Polyandry	 Index	 and	 the	 height	 of	 that	 tree	 (Spearman’s	 Rank	
Correlation,	p = .6),	or	any	correlations	for	one	or	more	individual	spe-
cies	(ANCOVA,	p = .6).
The	Polyandry	 Index	differed	 among	ant	 species	 (KWT,	p < .01). 
For	C. sjostedti,	C. mimosae,	and	T. penzigi,	the	workers	collected	from	




Species Trees (colonies) Workers/tree Reads/worker SNPs Matrix completeness (%) Hobs
Crematogaster sjostedti 16 5.6 356,000 746 56 0.10
Crematogaster mimosae 14 6.1 370,000 669 59 0.13
Crematogaster nigriceps 18 6.6 420,000 764 84 0.18
Tetraponera penzigi 13 5.8 428,000 309 58 0.11
Matrix	completeness	represents	the	proportion	of	loci	across	all	individuals	for	which	a	genotype	was	determined.	Hobs,	or	heterozygosity,	is	the	proportion	
of	individuals	that	have	two	different	alleles	for	a	given	locus,	averaged	across	all	loci.
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in	their	number	of	matings	(ANOVA	test,	p = .06).	Queens	of	C. sjost-






For	C. sjostedti and C. nigriceps,	only	a	few	of	the	inferred	queens	came	
from	the	same	tree;	however,	some	of	these	queens	were	related	to	
each	 other	 (Table	3).	 Crematogaster mimosae	 had	 multiple	 inferred	
queens	per	tree.	These	were	also	commonly	siblings,	at	a	higher	rate	
than	that	found	between	queens	from	different	trees	(Fisher’s	exact	
test,	p < .05).	However,	T. penzigi	showed	a	different	pattern:	despite	
having	 multiple	 inferred	 queens	 per	 tree,	 these	 queens	 were	 very	
rarely	 siblings,	 and	 the	 rate	was	not	 significantly	different	 from	 the	




We	 found	 no	 evidence	 that	 the	 genetic	 structure	 of	 colonies—in	
terms	 of	 polygyny,	 polyandry,	 or	within-	tree	 relatedness—underlies	




competitive	 C. sjostedti and C. mimosae	 are	 more	 polygynous	 than	
the	less	competitive	C. nigriceps and T. penzigi	(Palmer,	2004;	Stanton	
et	al.,	2002).	Palmer	(2004)	observed	seven	C. sjostedti queens in a sin-
gle	colony	fragment,	but	we	found	little	evidence	for	polygyny	in	this	
species	 and	 suspect	 that	 the	observed	queens	were	not	yet	mated,	
but	were	 still	 in	 the	process	of	budding	off	 from	 their	natal	 colony.	
C. sjostedti	alates	and	foundress	queens	are	rarely	found,	and	this	spe-
cies	 is	 believed	 to	 reproduce	 primarily	 via	 colony	 budding	 (Stanton	
et	al.,	2002).
Our results also show that T. penzigi	 colonies	 are	 polygynous.	A	
previous	report	indicates	that	this	species	was	monogynous,	based	on	
the	dissection	of	colonies	(cited	in	Stanton	et	al.,	2002).	We	have	also	



























































     |  1447BOYLE Et aL.






The	nature	of	polygyny	also	appears	 to	differ	 among	 the	differ-
ent	species	of	ants.	In	the	polygynous	colonies	of	C. mimosae,	multi-
ple	queens	are	often	related	to	each	other,	possibly	due	to	daughter	
queens	 remaining	 in	 their	 natal	 nests.	This	was	 suggested	by	Rubin	
et	al.	for	C. mimosae	 (2013),	and	it	may	also	be	the	case	for	the	rare	


















the	 relative	degree	of	polygyny	and/or	polyandry	among	 these	 four	
ant	species	that	we	can	rule	out	this	possibility.
Colonies	 of	 C. sjostedti and C. mimosae	 usually	 occupy	 multiple	























here.	First,	 if	polygyny	does	not	contribute	to	 interspecific	 (or	 intra-
specific)	variation	 in	 colony	 size,	what	 factors	 do?	 Some	 alternative	


















species	as	follows:	*p < .05;	**p < .01;	***p < .001.	In	(a),	although	the	distributions	are	significantly	different	among	the	species,	none	are	
significantly	greater	than	zero
(a) (b)











parents	giving	 rise	 to	a	 set	of	 (potentially	 sibling)	offspring,	 and	 the	


























Interactions	among	A. drepanolobium’s ant associates are not uni-
form	across	East	Africa.	For	example,	Hocking	noted	that	the	propor-





















Proportion of related  
queens from the  
same tree
Proportion of related 
queens from  
different trees
Crematogaster sjostedti 16 21 746 100 0.20 (1/5) 0.04 (8/205)
Crematogaster mimosae 14 35 669 100 0.20	(8/39) 0.09	(52/556)
Crematogaster nigriceps 18 22 764 100 0.14 (1/7) 0.01	(2/246)
Tetraponera penzigi 13 39 309 100 0.09	(4/44) 0.06	(39/697)
For	each	proportion,	the	raw	number	of	related	queens	and	possible	comparisons	is	given	in	parentheses.






tially	reversed,	with	C. nigriceps	dominant	over	C. mimosae (2004). To 
understand	how	and	why	 the	competitive	hierarchy	changes	across	
the	range	of	A. drepanolobium,	as	well	as	the	ecological	consequences	
of	 these	 changes,	 it	 will	 be	 necessary	 to	 understand	 more	 about	
factors	 that	 promote	 competitive	 ability	 between	 the	 different	 ant	
species.
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